|^U^^6^^CRITERIA  FOR  NEARLV  OMNIDIRECTIONAL  RADI  ATnJfTpR^ERN^^l/l 
FOR  PRINTED  flNTENN.  .  (U)  CALIFORNIA  UNIV  LOS  ANGELES 
INTEGRATED  ELECTROMAGNETICS  LAB  N  G  ALEXOPOULOS  ET  AL. 
UNCLASSIFIED  31  MAV  84  UCLA-ENG-84-13  ARO-19778.  4-EL  F/G  20/14  NL 


AD- A 143  662 


UCLA 

School 

of 

Engineering 

and 

Applied 

Science 


1  •  .K  V  * 


W) 


earlv  Onini  i irec  t 1  ?n:: ;  Ja-J 
rintod  Antennas" 

Mey.onoulos ,  D.  Jackson,  a 
hi 

oruci  By  Research  Contracts 

C  'rporat  i  a  Nn .  82  - ;  1  ICO'-'  .ti 
Contract  " "i -\ \  -  29—83—!’  —  . 


AT. 


uu>  aooacy 


Mi;  2  7  1004 

t, 

A 

Wj*-»  m 

1  >  r  > 

V  1  ' 

<■  '}  I 


REPORT  DOCUMENTATION  PAGE 


T'EjTJF. 


•  TtTil  (m*  M«m«; 


"Criteria  for  Nearly  Omnidirectional  Radiation 
Patterns  for  Printed  Antennas" 


AUTHOR**) 

N.  G.  Alexopoulos,  D.R.  Jackson,  and  P.B.  Katehi 


».  performing  organization  name  and  aodnem 

Electrical  Engineering  Department 
UCLA 

Los  Angeles.  CA  90024 


•  I.  CMTROkkwe  OFFICE  NAME  AHO  AOONESS 

U.  S.  Arty  Research  Office 

Post  Office  Box  12211 

Research  Triangle  Park,  NC  27709 


1*.  BONTTORTnG  iSlNCr  NAME  •  ADDNESV"  Ifltowil  lm  C«Mlilii|  Ol(lct) 


READ  INSTRUCTIONS 
BEFORE  COMPLETIN C  FORM 


a  neciRiEnt  i  catalog  mumren 


a  tm  or  ao at  a  »moo  coveneo 


•  PERFORMING  OAC  REPORT  NUMGER 


•  COnTMACT  OR  grant  NUMSER**) 

Northrop  Corp.  82-110-1006 
U.S.Army  DAAG  29-83-K-0067 


10  RROGAAH  ELEMENT.  PROJECT.  TASK 
AREA  A  NORA  UNIT  NUMBERS 


May  31,  1984 


I  O*  RAGES 


•s.  security  class.  (mi  am*  i 


Army  Research  Office 
Research  Triangle  Park 
North  Carolina 


M  OlSTRIRuTlOM  STATEMEmT  (ml  (Ala  A 


Northrop  Corporation 


Unclassified 


ItA.  SfCLAStlFtCATION'OOT 
SCHEDULE 


Approved  for  public  release;  distribution  unlimited. 


IT.  MTRIRWTIOM  STATEMENT  (ml  Ihm  ■*•»«!  Mil 


I  Mi  01m c*  SO,  II  NHiiail  hn>  Htmmrt) 


••  SUPPLEMENTARY  NOTES 

The  view,  opinions,  and/or  findings  contained  in  this  report  are  those  of  the 
author (s)  and  should  not  be  construed  as  an  official  0epartn«nt  of  the  Army 
position,  policy,  or  decision,  unless  so  designated  by  other  documentation. 

I*.  RET  RONDS  (CmmUtmtm  mm  rmmm rmm  m!*m  II  mmtmmm my  am  iRMUiqr  mr  mtmt*  mpI mr) 


Radiation  trom" pTin te d  antennas*^ s" Invest fgat"ed~'witfi  emphasis  placed  on  producing 
E-  and  IT-plane  radiation  patterns  which  are  as  nearly  omnidirectional  as  possible. 
This  is  achieved  using  criteria  which  are  derived  for  a  nonzero  radiation  field 
extending  down  to  the  layer  surface  (radiation  into  the  horizon).  It  is  deter¬ 
mined  that  this  phenomenon  arises  when  a  surface  wave  pole  coincides  with  a  branch 
point  in  the  complex  plane.  A  simple  ray  optics  interpretation  is  given  for  a 
phenomenon,  and  graphs  are  presented  to  easily  enable  design  of  printed  antenna 
isometry  to  achieve  nearly  omnidirectional  t-  or  H-plane  patterns.  ~ • 


urns*  of  t  uev  ss  « i 


UNCLASSIFIED 


SECURITY  cl  I 


irtCAYNNI  AF  TWtSR 


.  ••  . .... 


CRITERIA  FOR  NEARLY  OMNIDIRECTIONAL  RADIATION 
PATTERNS  FOR  PRINTED  ANTENNAS 


BY 

N.  G.  Alexopoulos,  D.  R.  Jackson,  and  P.  B.  Katehl 
Electrical  Engineering  Department 
University  of  California  Los  Angeles 
Los  Angeles,  California  90024 


Performed  under  Northrop  Corporation  Research  Contract  No.  82-110-1006 
end  U.S.  Army  Research  Contract  DAAG  29-83-R-0067. 


ABSTRACT 


Radiation  from  printed  antennas  is  investigated  with  emphasis  placed  on 
producing  E-  and  H-plane  radiation  patterns  which  are  as  nearly  omnidirectional 
as  possible.  This  is  achieved  using  criteria  which  are  derived  for  a  nonzero 
radiation  field  extending  down  to  the  layer  surface  (radiation  into  the  horizon). 
It  is  determined  that  this  phenomenon  arises  when  a  surface  wave  pole  coincides 
with  a  branch  point  in  the  complex  plane.  A  simple  ray  optics  Interpretation 
is  given  for  the  phenomenon ,  and  graphs  are  presented  to  easily  enable  design 
of  printed  antenna  geometry  to  achieve  nearly  omnidirectional  E-  or  H-plane 
patterns. 


I. 


INTRODUCTION 


Investigation  of  printed  circuit  antennas  and  associated  substrate  effects 
has  uncovered  certain  interesting  phenomena.  One  such  phenomenon  is  the 
existence  of  nonzero  radiation  along  the  horizon  in  either  the  ¥-  or  the  H-plane 
when  the  electrical  thickness  of  the  substrate  satisfies  specific  criteria. 

In  particular,  H-plane  radiation  into  the  horizon  is  seen  to  occur  when  a  TE 
surface  wave  mode  turns  on  in  the  substrate,  and  E-plane  radiation  into  the 
horizon  can  be  observed  when  a  TM  mode  turns  on.  This  phenomenon  is  explained 
analytically  by  the  coincidence  of  a  pole  and  a  branch  point  in  a  Sommer f eld- 
type  integration,  which  gives  rise  to  a  removable  singularity  in  the  steepest 
descent  integration  for  the  far-field.  A  ray  optics  interpretation  is  given  to  aid 
in  the  physical  understanding  of  the  phenomenon.  Criteria  are  then  determined  for 
optimum  antenna  location  within  a  substrate  to  yield  E-  or  H-plane  patterns  as 
omnidirectional  as  possible  in  a  specified  sense.  Based  on  this,  graphs  are 
presented  enabling  design  of  proper  substrate-antenna  geometry  to  achieve  nearly 
omnidirectional  radiation  patterns.  These  results  are  then  extended  to  the 
■ore  general  case  of  a  dipole  printed  on  a  substrate  with  a  different  super¬ 
state  (cover)  material  on  top. 

Although  the  problem  discussed  herein  is  akin  to  a  large  number  of 
Investigations  in  the  propagation  of  electromagnetic  waves  in  stratified  media 
Il0]-[14],  the  thrust  of  this  paper  is  the  unique  observation  of 
radiation  into  the  horizon  and  the  generation  of  nearly  omnidirectional  radia¬ 
tion  patterns. 

II.  I4DIATI0N  INTO  THE  HORIZON 

With  reference  to  Figure  la,  the  problem  consists  in  its  simplest  form 
of  a  horizontal  Infinitesimal  dipole  in  the  £  direction  embedded  inside  a 
grounded  substrate  layer.  The  results  which  pertain  to  this  configuration 
can  be  generalized  to  the  case  of  a  dipole  in  e  eubstrate-superstrate  configure- 


tion  of # different  materials,  shown  in  Figure  lb.  However,  in  order  to  high¬ 
light  the  criteria  under  which  radiation  into  the  horizon  takes  place  and  to 
keep  the  mathematical  complexities  to  a  minimum,  the  case  of  Figure  la  will 
be  considered  in  detail,  with  only  results  shown  for  the  more  general  case  of 
Figure  lb. 

The  far-fleld  due  to  the  elementary  horizontal  dipole  at  z  ■  zg  in  a 
substrate  of  thickness  B,  relative  permittivity  and  permeability  constants 
£j,  and  index  of  refraction  n^  ■  /e^y^  ,  is  given  in  spherical  coordinates 
by  [2],  [5] 

Efl  ^  k2  [cos9cos<t>n  -  sinSIl  ]  (1) 

DO  X  Z 

and 

E(j>  *  k^I-sin^]  *  (2) 

In  these  equations  kQ  ■  (dv^TT^  ,  and  yQ  being  the  total  permittivity  and 
permeability  of  free  space. 

The  Hertz  potential  components  II  ,  II  for  z  >  B  are  given  in  cylindrical 

X  z 

coordinates  as  [2],  [5]  (suppressing  e  +^Ut  time  dependence) 


and 
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f(X)  ■  2Xn?slnh(u  z  )  (5) 

X  X  o 

g(X)  ■  2X2(l-n2)n2cosh(u  B)sinh(u,z  ) 

XI  X  10 

D#(X)  •  y^usinh(u^B)  +  u^  cosh(u^B) 


(6) 
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(8) 


D  (X) 


un^cosh(ujB)  +  VjU^sinh(UjB) 


with 


,,  2  .2.1/2 

u  -  (X  -  ko)  .  ux 


(X2  -  k2)1/2 


(9) 


The  branch  Interpretation  of  u  is  u  ■  I  (X2  -  k2)^2|  for  X  >  k  and 

o  —  o 

2  2  1/2 

u  •  j|(Xz  -  ke)  |  for  X  £  kQ.  The  branch  interpretation  of  is  arbitrary. 

The  Sonmerfeld  contour  inferred  by  Equations  (3) ,  (4)  is  shown  in 
Figure  2a.  If  the  substitutions  X  »  s  in  £ ,  s  -  B  ■  Rcos6t  r  ■  Rslnd  are  intro¬ 

duced  (where  R  and  6  describe  spherical  coordinates)  together  with  the  large 

(2)  (2) 

argument  asymptotic  expansions  for  IT  /(Xr)  and  '(Xr),  Equations  (3)  and  (4) 


can  be  written  as 


and 
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x  SkU  T 
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mo 


II  .  cosi  J  G(0emo 
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(10) 


(11) 


where  T  is  the  path  shown  in  Figure  2b  which  can  be  deformed  into  the  steepest 
descent  path  (S.D.P.)  also  shown  there,  and 


n  -  k  R  ,  h(C)  -  -jcosU-9) 
o 

F(0  - 

G(0  - 

The  saddle  point  is  at  C  ■  -  6,  and  the  departure  angle  from  the  saddle 

point  ii  fl  ■  4  t  .  The  roots  of  D  (X)  and  D  (X)  give  surface  wave  poles  whose 
residua  contributions  determine  the  TE  and  TM  mode  surface  waves  'respectively 
[2],  [5].  The  steepest  descent  path  is  deformed  to  go  around  the  poles  as 
shown  In  Figure  2b.  However,  due  to  the  exponential  decay  away  from  the  saddle 
point  along  the  steepest  descent  path,  the  residue  contributions  from  these  poles 
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(13) 


do  not  contribute  to  the  asymptotic  expansions  of  and  JIz  unless  6  «  tt/2. 

For  this  latter  case,  the  contour  of  integration  can  be  broken  into  two  parts: 
a  steepest  descent  contour  and  an  integration  around  the  poles,  as  shown  in 
Figure  2c.  The  surface  wave  fields,  determined  by  the  integration  around  the 
poles,  contribute  at  0  ■  tt/2  since  we  are  in  the  vicinity  of  the  layer  material. 
These  surface  wave  fields  remain  distinct  from  the  steepest  descent  contribu¬ 
tion,  however,  which  gives  the  radiated  far-field  which  is  of  interest  here. 

The  method  of  steepest  descents  now  yields 


and 


'  •*(*£) 


n  ^  f(6)  v’H 


n.  'V  cos<t>  GtB)  e  I  ^ 
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(14) 


(15) 


Equations  (1),  (2),  (12),  (13)  are  combined  with  (14)  and  (15)  to  give 
the  far-field  of  the  dipole.  The  far-field  clearly  decays  as  l/kQR  for  kQR  »  1. 
For  convenience,  the  radiated  field  is  defined  so  as  to  suppress  this  radial 
dependence,  l.e. 


Ee  'JV 


and 
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where,  by  definition, 

-  k^[cos0cos$IIR  -  sin0IIR] 
oo  x  z 

E*  -  k*[-sin<frn*] 

90  x 


and 

R  +JkoR 

IT  -  Lim  (k  R)  e  °  H 
x  k  R  *  0 


(18) 

(19) 


(20) 


R  +Jk  * 

IT  -Lin  (k  R)  e  °  n  .  (21) 

•  2  k  R  +  *  °  z 

o 

R  R 

Eg  and  are  functions  of  6  and  $  only.  The  variation  of  the  radiation 
field  with  8  is  governed  by  the  F(6)  and  G(6)  functions.  With  reference  to 
Equations  (12)  and  (13),  it  is  observed  that  a  factor  cos6  appears  in  both 
F(6)  and  G(8).  This  implies  that  in  general. 


Lim  IT 
6  tt/2  x,Z 

and  therefore 


8  -*■  tt/2 


Lim  E*  «  0  .  (24) 

6  -  tt/2  * 

That  is,  the  radiated  field  tends  to  zero  at  the  horizon  (0  -*•  tt/2).  The  only 
possible  exception  is  when  the  terms  Dft(kosin0)  or  D  (kosin0)  also  tend  to  zero 
as  0  tt/2.  When  De(kQ)  -  0,  it  follows  from  Eq.  (7)  that 


1  -  1/n*  -  (m  -  1/2) /2, 


m  •  1,2, . . . 


while  when  D  (k  )  -  0,  then  from  Eq.  (8) 
m  o 


(x) A  -  1/n5  - 


B  —  1,2,... 

la  obtained,  where  XQ  •  free-space  wavelength. 

Equations  (25)  and  (26)  are  simply  the  conditions  for  a  TE  and  a  TM 

surface  wave  node  turning  on,  respectively. 

The  characteristic  functions  D  (X)  and  D  (X)  have  simple  zeros  at  the 

®  m 

location  of  the  surface  wave  poles  In  the  conplex  X-plane  except  when  a  pole 


5- 


coincides  exactly  with  the  branch  point  at  X  •  k  ,  which  occurs  when  the 

o 

corresponding  surface  wave  node  turns  on.  In  this  case,  the  function  De(X)  or 
Dq(X)  exhibits  a  branch  point  type  of  singularity  there.  In  particular,  as 


D  (X)  'v  j(-l)rtp  (X2  -  k2)1/2 
e  10 


when  -  1/nJ  «  (m  -  112)12 


D  (X)  'v  (-l)m+1n?(X2  -  k2)1/2 
n  1  o 


when  ^  A  -  1/n2  *  (m-l)/2 


(We  are  arbitrarily  choosing  the  branch  of  u^  in  Eq.  (7)  and  (8)  so  that 

u.  •  +j A.2  -  k2  here.) 
i  l  o 

This  branch  point  singularity  at  X  *  kQ  in  the  X-plane  when  a  node  turns 
on  corresponds  to  a  simple  zero  in  the  steepest  descent  £-plane  at  e  «  tt/2, 


since 


(X2  -  k2)1/2  -  jk  cosC  . 


This  simple  zero  behavior  of  D  (k  sine)  and  D  (k  sine)  causes  the  point  e  *=  tt/2 

e  o  no 

to  become  a  removable  singularity  in  the  F(e)  and  G(e)  functions  with 


F(e)  *  (-1)  f (k  ) 

O 


\wl/\8Tik?  Jv  ' 


(TE  Mode) 


G(e)  ^  (-1)’ 


g(k  ) 


fcX 


^  1Q±H\  (XE  Mode) 


& 

■ 


8irk^  /n 


C(»  -  <™  — )  <»> 

as  e  ^  tt/2  in  each  case.  Equation  (29)  implies  that  Tl^  remains  nonzero,  in 
general,  as  0  ■*  tt/2  when  a  TE  mode  turns  on.  Similarly,  Eq.  (31)  Implies  that 


-6- 


II  remains  in  general  nonzero  as  9  -*■  tt/2  when  a  TM  mode  turns  on.  In  addition, 
z  * 

g 

Eq.  (30)  appears  to  imply  that  II  can  also  remain  nonzero  when  a  TE  mode  turns 
on.  However,  when  a  TE  mode  turns  on,  g(k  )  *  0.  These  results  indicate  then 

K 

that  E^  can  extend  down  to  a  nonzero  value  at  the  horizon  only  when  a  TE  mode 

R  R  R 

turns  on, while  Eq  can  remain  nonzero  only  when  a  TM  mode  turns  on.  E^  and  Eg 

determine  the  H-plane  (<t>  m  y)  and  E-plane  (4>  *  0)  radiation  patterns  respectively. 

Although  this  result  is  true  in  general,  the  presence  of  the  term  sinh(u^zo) 

in  f(A)  and  g(A)  causes  exceptional  cases  to  occur.  In  particular,  the  E-  and 

H-plane  radiation  patterns  will  have  a  null  at  the  horizon  even  when  a  surface 

wave  mode  is  at  cutoff  for  the  exceptional  case  of  zq  satisfying  the  relation 

sin[k  z  A7  -  1  ]  -  0  (32) 

o  o  l 

or 

,  p  -  0,1,2,...  (33) 

Comparing  this  result  with  Eq.  (26),  it  is  observed  that  the  exceptional 
case  involving  a  TM  mode  turning  on  (E-plane  radiation  into  the  horizon)  implies 

l  -  0,1,2,...  (34) 


For  most  practical  situations  1*0,  so  zq  m  B;  i.e.,  the  antenna  is  printed 
on  the  Interface  of  the  substrate  and  free  space.  Similarly,  if  Eq.  (33)  is 
compared  with  Eq.  (25),  then  the  exceptional  case  for  a  null  in  the  H-plane 


pattern  at  0  *  Tt/2  with  a  TE  mode  turning  on  occurs  when 


n  (B-z  )  (i+f)/2 

1  o  _  _ * 


A-l/n? 


,  l  ■  0,1, . . . 


(35) 


This  criterion  cannot  be  satisfied  for  the  TE^  mode  (m  ■  1)  for  z^  >  0,  and 


therefore  there  will  be  nonzero  H-plane  radiation  into  the  horizon  when  the  TE^ 
■ode  turns  on  regardless  of  the  dipole  position  z  .  A  null  at  0  ■  tt/2  can 


appear,  however,  for  higher  order  TE  modes. 

These  results  extend  directly  to  the  case  of  Figure  lb.  H-plane  radia¬ 
tion  into  the  horizon  occurs  for  a  TE  mode  turning  on  [15]  ,  giving  the  condition 
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tan 


-1 


2Wn‘-l 


(2"  ¥  <£^0 


cot 


(36) 


while  E-plane  radiation  into  the  horizon  occurs  for  a  TM  mode  turning  on,  or 
when  the  condition 
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2rr 


/n^-l 


tan 


-1 


1  1  °  11 


(37) 


is  satisfied. 

In  a  similar  manner,  as  with  the  single  layer,  there  is  the  exceptional 
case  where  radiation  vanishes  at  9  *  ir/2  despite  the  surface  wave  mode  turn 


on  condition.  This  case  is  still  given  by  Eq.  (33)  with  ^  corresponding  to 


the  lower  layer  material  (the  dipole  is  assumed  to  be  within  the  lower  layer 
here) .  This  does  not  constrain  the  dipole  from  being  at  the  substrate-superstrate 


Interface  (z 


B)  in  achieving  radiation  into  the  horizon  in  either  the  E-plane 

or  the  H-plane,  since  B  is  now  arbitrary.  In  fact,  /l-l/n^  t  p/2,  unless 

o 

the  top  layer  is  of  thickness 

/\-lln22  -  (it  +  l/2)/2  ,  £-0,1,...  (TE  Mode) 

or  o 

n0t 

l  -  0,1,...  (TM  Mode) 


n2t  /  2  i 

t —  /1-1/no  -  "TT 


For  this  reason,  E-  and  H-plane  radiation  into  the  horizon  is  always  observed  in 
practical  cases  involving  a  dipole  at  the  substrate-superstrate  interface  in 
the  geometry  of  Figure  lb. 

III.  A  RAY  OPTICS  INTERPRETATION 

A  ray  picture  can  be  composed  in  order  to  provide  an  explanation  of  the 
radiation  into  the  horizon  effect.  With  reference  to  Figure  3,  we  have  plane 
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wave  spectrum  rays  emanating  from  the  dipole  and  reflecting  between  the  ground 
plane  and  the  dielectric  interface,  with  the  rays  partially  transmitting  into 
space  at  each  reflection  from  the  Interface.  For  far-field  radiation  at  an 
angle  6,  the  reflection  angle  within  the  dielectric  is  0^,  determined  from 
Snell's  law  n^sin6^  *  sln6.  There  are  two  such  rays  which  leave  the  dipole 
as  shown  in  the  figure.  The  reflection  coefficient  for  the  rays  at  z  m  B  is 
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Z  ~ZA 
a  d 

Z  +Z. 
a  d 


(38) 


where 


Z  ■  n  cos9 

a  o 


(39) 


zd  ■  no  COE01 

for  E  in  the  plane  of  incidence  (E||)»  and 


(40) 


Z  ■  r|  sec0 

a  o 


(41) 


*“ei  (42) 


nr 

for  E  normal  to  the  plane  of  Incidence  (E^) ,  where  ri0“y  ~  •  The  Eg  component 
of  the  radiated  field  corresponds  to  E j  |  while  the  E^  component  corresponds  to 
E^.  In  either  case,  |T|  1  as  0  -*■  tf/2.  Rays  are  increasingly  trapped  in  the 

substrate  as  8  tt/2  and  radiation  into  space  goes  to  zero  with  the  only  except! 
possible  when  the  rays  add  up  in  phase  after  each  bounce  as  6  4  it/2.  This 


condition  arises  when  a  TE  mode  turns  on  for  E^  and  when  a  TM  mode  tur~s  on  for 


E^ | .  A  proof  can  be  provided  by  considering  that  as  the  ray  travels  from  a  to  b 
its  radiation  contribution  experiences  a  phase  shift  4*^  given  by 


♦.h 


iir  +  arg(T)  +  A  .  +  k  d 


(43) 


The  term  Itt  in  Eq.  (43)  results  from  the  phase  reversal  of  the  tangential 

0 

E-field  at  z  *  0  (This  is  the  component  for  which  reflection  is  being  considered. 
A  similar  analysis  applies  to  the  normal  component).  Similarly,  arg(F)  comes  from 
the  phase  shift  introduced  by  reflection  at  the  interface  (point  a).  As  0  4  n/2 
arg(r)  «  Jir  for  E  ^  and  arg(F)  »  0  for  E^.  The  term  represents  the  phase 
shift  the  ray  undergoes  in  travelling  from  a  to  b,  while  kQdgt  Is  the  phase 
shift  due  to  the  array  factor  effect  from  the  separation  at  a  and  b,  as  seen 
from  an  observation  point  at  8  ■  tt/2.  These  phase  shift  terms  can  be  evaluated 
using 


and 


with 


d  ,  “  2Btan9, 
ab  1 


ab 


■B  d  .  -  8  (2B) 
x  ab  z 


k  n,  sin0, 
o  1  1 


(44) 


(45) 

(46) 


e 


z 


/  2 

k  n, cosQ,  «  k  /  n  -1 
o  1  1  o  1 


(47) 


Thus  $  ^  is  obtained  to  be 


*.b  '  ^  M 


0  E, 


Pit  E 


I  I 


-  2k  Bv 

o  1 


}/ n?-l 


(48) 


For  the  ray  to  add  in  phase  after  each  bounce,  it  is  required  that 


4>gb  ■  -2ftm  ,  m  ■  0,  -1,*2,... 

and  therefore  the  following  criteria  are  obtained: 


(E.  -  field) 

<f> 


(A9) 


m  -  1,2, . . . 


and 


-  1 )  /  2 


o  ®  1 1 2 1  •  •  • 


(Eq  -  field) 


These  are  simply  recognized  as  the  conditions  for  the  turning  on  of  the  TE  and 
TM  modes  in  the  substrate,  respectively.  Hence,  ray  optics  predicts  that  E^ 
and  E0  can  remain  nonzero  as  0  -*•  v/2  only  when  the  TE  and  TM  modes  turn  on, 
respectively.  This  agrees  with  the  steepest  descent  analysis.  Ray  theory  may 
also  be  used  to  provide  a  simple  explanation  for  those  exceptional  cases  where 
a  null  appears  at  6  -  it/2,  in  spite  of  the  fact  that  a  mode  is  at  cutoff. 

To  see  this,  the  phase  difference  between  the  two  plane  wave  spectrum  rays  that 
leave  the  dipole  must  be  considered.  This  phase  difference  is  given  by 

*1  2  "  "  2^-Zo)  ~  6xdl  2+  kodl  2  (51) 

where  -5-  °  x  1,2  o  l,/ 


di,2  *  . 


The  first  three  terms  on  the  right-hand  side  of  Eq.  (51)  represent  the  phase 
difference  due  to  the  reflection  of  Ray  #1  from  the  interface  and  the  extra 
distance  it  travels,  while  the  last  term  is  the  array  factor  term  for  radiation 
along  the  horizon  due  to  the  separation  of  the  two  rays.  Using  (46)  -  (47), 
and  setting  2“  +  *)*»  *  “  °»  ±1.-2,...  as  the  condition  for  the  radiation 

from  the  two  rays  to  cancel,  there  results 


-(22.  +  1)TT 


±7T  E 


—  |  -  2k  /n,  -  1  (B  -  z  ) 

,  o  1  o 


Therefore,  the  exceptional  case  for  the  E-plane  requires  that  (using  E..) 


n  (B  -  z) 
1 _  _ o 


l  -  0,1,2,, 


while  for  the  H-plane  (using  E^) 


n, (B  -  z  )  (*  +  f)/2 

1  o  _  _ i 


l  -  0,1,2,. 


must  ho^d. 


These  equations  are  identical  to  those  derived  previously  for  the  exceptional 
cases,  i.e.,  Eqs.  (34)  and  (35). 

IV.  ANTENNA  LOCATION  OPTIMIZATION  FOR  OMNIDIRECTIONALITY 

When  radiation  into  the  horizon  occurs,  the  corresponding  E-  or  H-plane 

pattern  broadens  and  remains  nonzero  as  0  ■+■  tt/2.  In  some  cases,  this  may  cause 

the  pattern  to  become  very  nearly  omnidirectional,  depending  on  the  dipole  height 

zq.  Figure  4  shows  E-plane  radiation  patterns  with  the  mode  (m  *  2)  turning 

on  for  various  dipole  positions  in  the  geometry  of  Figure  la.  The  patterns 

remain  nonzero  at  8  *  tt/2  in  all  except  the  last  one  where  z  **  B,  which  is  the 

o 

exceptional  case.  Of  particular  interest  is  the  case  where  °  *  0.375. 

o 

This  pattern  is  omnidirectional  to  within  the  width  of  the  grid  lines.  Similarly, 
Figure  5  shows  H-plane  patterns  for  different  values  of  zq  with  the  TE^  mode 


(m  ■  1)  turning  on,  with 


0.188  corresponding  to  almost  perfect  omnidirection¬ 


ality.  In  fact,  the  deviation  of  this  pattern  from  omnidirectionality  is  only 
Rj  0.002  dB,  which  cannot  be  distinguished  on  the  plot.  Plots  of  the  E-  and  H-plane 
patterns  for  the  case  of  Figure  lb  would  be  similar  in  appearance  to  these,  show¬ 
ing  nearly  omnidirectional  behavior  for  certain  choices  of  zq.  An  effective  cri¬ 
terion  can  be  developed  for  choosing  the  dipole  height  zq  to  achieve  very  nearly 
omnidirectional  patterns.  The  criterion  is  to  choose  zq  so  that  the  radiation 

power  density  is  equal  at  0  ■  0  and  9  “  tt/2.  For  each  case  of  E-  and  H-plane  radia- 

Vo 

tlon,  this  gives  a  transcendental  equation  for  the  normalized  dipole  height  — ^ — 

o 

which  must  be  solved.  The  numerical  solution  is  shown  in  Figures  6a  and  6b  for 

the  case  of  a  nonmagnetic  substrate  (p^  *  1.0)  for  the  TM2  and  TE^  modes  at  cutoff 

njB 

respectively.  Figures  7a  and  7b  show  the  solution  for  r —  for  the  geometiy  of 

o 

Figure  lb  when  zq  ■  B  for  nonmagnetic  layers,  with  curves  shown  for  various  substrate 
dielectric  constants  e^for  the  TM2  and  TE^  modes,  respectively). 


As  an  Illustration  of  how  well  this  method  works.  Figure  8  shows  E-plane 


patterns  corresponding  to  several  different  values  of  Figure  6a.  As  e ^ 
tends  to  1.0,  the  degree  of  omnidirectionality  obtained  using  this  criterion 
worsens.  For  2.0,  the  patterns  are  omnidirectional  to  within  the  width 

of  the  lines  and  cannot  be  distinguished  on  the  plots,  so  only  cases  with 
cx  <  2.0  are  shown. 

Although  it  is  easy  to  obtain  nearly  omnidirectional  patterns  this  way, 
this  may  not  be  the  desired  goal  for  certain  applications.  In  some  cases,  it 
my  be  desired  to  suppress  the  radiation  in  a  certain  direction  by  a  specified 
amount  relative  to  the  peak  field  strength.  This  can  be  achieved  by  slightly 
aedifylng  the  appropriate  transcendental  equation  for  the  dipole  position. 
Flgures9a  and  9b  show  cases  for  which  a  desired  10  dB  suppression  at  0  ■  0  has 
been  achieved  for  the  cases  of  E-  and  H-plane  radiation  into  the  horizon. 

V.  CONCLUSION 

It  has  been  seen  that  the  radiation  patterns  for  printed  antennas  always 

tend  to  zero  as  0  -*■  tt/2  unless  a  surface  wave  mode  is  exactly  at  cutoff. 

When  a  TE  mode  turns  on,  the  H-plane  pattern  remains  nonzero  at  0  ■  tt/2,  and 

when  a  TM  mode  turns  on  the  E-plane  pattern  remains  nonzero  at  6  -  tt/2.  The 

niz  / - 2 

only  exceptions  are  for  — ^. ..°  ,4-1/n.  ■  p/2,  p  ■  0,1,2,... 

o 

These  results  can  be  explained  from  the  coinciding  of  a  pole  and  a 
branch  point  in  the  complex  plane  for  the  Sommerfeld  Integrals,  which  causes  a 
removable  singularity  to  occur  in  the  steepest  descent  integrations  for  the 
far  field.  A  ray  optics  interpretation  has  been  given  to  help  explain  the 
phenomenon  physically.  In  addition,  a  criterion  for  choosing  the  antenna  posi¬ 
tion  within  a  substrate  to  achieve  a  nearly  omnidirectional  E-  or  H-plane  pattern 
has  been  given  and  graphs  showing  this  optimum  antenna  location  are  presented. 
These  results  are  extended  to  the  case  of  an  antenna  at  the  interface  of  a  sub¬ 
strate-super  strate  geometry  Involving  different  materials.  Plots  are  shown 


3 


to  indicate  the  degree  of  onmidirectionality  obtainable  with  this  method  and 

t 

its  limitations  for  small  e.  Finally,  it  is  indicated  that  the  criterion  can 
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